Abstract Fusarium head blight (FHB) is a devastating disease of wheat. Molecular mapping led to the identiWcation of two major FHB resistance QTL, Fhb1 and Qfhs.ifa-5A. The actual function of these resistance genes is still unknown. The resistant line CM82036, the susceptible line Remus and two sister lines from the cross CM82036/Remus were analysed for gene expression. The sister lines show contrasting levels of FHB resistance due to the presence or absence of resistance alleles at Fhb1 and Qfhs.ifa-5A. At anthesis plants were challenged by Fusarium graminearum or water under controlled conditions. At six-time points after inoculation (0-72 h) gene expression of speciWc wheat Xoral tissue was analysed by cDNA-AFLPs in two biological replications. Altered expression patterns after F. graminearum inoculation were observed for 164 transcript-derived fragments (TDFs), corresponding to 3.4% of the analysed fragments. Fourteen TDFs, 0.28% of the total analysed fragments, displayed diVerential expression after fungal attack depending on the genotype; Wve of these TDFs were diVerentially expressed between the sister lines and are possibly associated with the possession of Fhb1 and Qfhs-ifa-5A and the FHB resistance level of the genotypes. Sequencing and annotation of these gene tags revealed homologies to a UDP-glucosyltransferase, phenylalanine ammonia-lyase, Dna-J like protein, pathogenesis-related family protein and to one gene with unknown function providing initial clues for guiding further functional studies on the resistance reaction of wheat against FHB. This work is the Wrst report on diVerential gene expression between related, resistant and susceptible, wheat lines after F. graminearum attack.
Introduction
Fusarium head blight (FHB) is one of the most destructive diseases of wheat (Triticum aestivum) worldwide. Infection with fungi of the genus Fusarium results in severe reduction in crop yield and quality. The most serious threat associated with FHB is the accumulation of mycotoxins in the harvested grain (Bai and Shaner 2004) . These compounds are hazardous to humans and animals (Desjardins and Hohn 1997) .
The most eYcient strategy to control FHB in wheat is through the development of resistant cultivars. Resistance to FHB exhibits quantitative variation and its inheritance involves many loci on diVerent chromosomes (Buerstmayr et al. 2008) . The best studied quantitative trait loci (QTL) are those on chromosomes 3BS (Fhb1 syn. Qfhs.ndsu-3BS) and 5A (Qfhs.ifa-5A) (Anderson et al. 2001; Buerstmayr et al. 2002 Buerstmayr et al. , 2003 . These QTL have been validated by several research groups (Miedaner et al. 2006; Pumphrey et al. 2007) and Fhb1 was successfully Wne mapped (Liu et al. 2006 , Cuthbert et al. 2006 providing tightly linked markers for the isolation and functional identiWcation of the underlying resistance gene(s).
Despite several studies, the molecular events during early stages of the infection process resulting in resistance or susceptibility of wheat are still poorly understood. Wheat responds to Fusarium infection by inducing various defences. Activation of pathogenesis-related (PR) genes after Fusarium attack has been reported by several research papers (Pritsch et al. 2000; Li et al. 2001b; Kruger et al. 2002; Han et al. 2005; Zhou et al. 2005; Golkari et al. 2007; Bernardo et al. 2007 ). The induction of some PR genes is a general response to FHB, but it has been observed that others are up-regulated, earlier, faster and/or more in resistant genotypes than in susceptible genotypes (Pritsch et al. 2000; Li et al. 2001a, b; Bernardo et al. 2007 ). Makandar et al. (2006) showed that the increased FHB resistance of a transgenic AtNPR1-expressing wheat is associated with faster activation of defence response, with PR1 expression rapidly induced to a high level in fungus-challenged spikes of the AtNPR1-expressing wheat. Mackintosh et al. (2007) found that over expression of -1,3-glucanase, thaumatinlike protein-1 and -1-purothionin genes enhances FHB resistance in transgenic wheat lines. Furthermore, several host genes encoding phenylpropanoid pathway enzymes and oxidative burst-associated enzymes have been found to be induced by Fusarium infection (Hill-Ambroz et al. 2006; Boddu et al. 2006; Golkari et al. 2007; Zhou et al. 2005; Kong et al. 2005) . Two-dimensional displays of proteins revealed that proteins with high similarity to dehydroascorbate reductase and a glutathione S-transferase were diVerentially expressed in susceptible and resistant cultivars following FHB infection (Zhou et al. 2005) .
Fusarium graminearum produces trichothecenes such as deoxynivalenol (DON), which are acutely phytotoxic and act as virulence factors on host plants (Proctor et al. 1995) . Genes for factors acting against the production, accumulation and action of trichothecene toxins may be involved in FHB resistance. Lemmens et al. (2005) demonstrated that the presence of the major resistance QTL Fhb1 confers resistance to the mycotoxin DON and enhances the ability of wheat to detoxify DON into DON-3-O-glucoside. They hypothesized that Fhb1 either encodes a DON-glucosyltransferase or regulates the expression of such an enzyme. Ansari et al. (2007) identiWed DON responsive transcripts in roots of the FHBresistant CM82036 and the susceptible Remus. Studying 14 doubled haploid lines segregating for Fhb1 they could show that a basic leucine zipper protein transcription factor (bZIP) was signiWcantly more DON-up-regulated in lines possessing Fhb1, deletion bin mapping indicated that bZIP is located in chromosomal region(s) other than 3BS.
Studies analysing the wheat-Fusarium interaction have also implicated genes with unknown functions or with no homology to accessions in the GenBank Golkari et al. 2007 ). Golkari et al. (2007) used a wheat cDNA microarray consisting of 5,739 expressed sequence tags and found that 86 of 185 ESTs that were up-regulated after fungal attack showed no homology with sequences of known functions. Despite this recent progress, large gaps remain in understanding the mechanisms of FHB resistance.
The now available whole-genome sequence of F. graminearum allowed the design of an AVymetrix GeneChip based on the entire genome (Gueldener et al. 2006) ; together with the Wheat AVymetrix GeneChip these tools will provide the opportunity for genome-wide expression analysis of the wheat-F. graminearum interaction in a depth which was never possible before.
Beside microarrys there are various methods available to identify genes involved in defence pathways (Donson et al. 2002; Breyne and Zabeau 2001) ; the cDNA-AFLP method (Bachem et al. 1996) is one that has proven to be a broadly applicable, sensitive technology that allows the detailed characterization of gene expression in a wide range of biological processes. It does not require prior assumptions about which genes might be induced or repressed. The cDNA-AFLP method has been used to identify genes involved in plant-pathogen interactions (Durrant et al. 2000; van der Biezen et al. 2000; de Torres et al. 2003; Samuelian et al. 2004) , including interactions between cereals and fungi (Zhang et al. 2003; Zheng et al. 2004; Eckey et al. 2004) . Jeney et al. (2004) applied the cDNA-AFLP approach to identify diVerentially regulated genes in mycotoxin-producing and non-producing growth stages of F. proliferatum. cDNA-AFLP allow parallel analysis of expression patterns over time, and can show changes in expression level for both rare and common mRNAs (Breyne and Zabeau 2001; Durrant et al. 2000) . It can also detect cSNPs and indels between the alleles of the genes involved (Brugmans et al. 2002) . This can allow for the detection of sequence polymorphisms between resistant and susceptible plants, even when the alleles are expressed at similar levels. This is the Wrst study applying the cDNA-AFLP method to analyse diVerential gene expression of wheat in response to F. graminearum. We attempted to identify genes and alleles that may be involved in FHB resistance using resistant and susceptible wheat genotypes, including a pair of sister lines with contrasting levels of FHB resistance.
Despite that the regulation mechanisms of any plantpathogen interaction include transcriptional, translational and post-translational events, our approach focused on diVerences detectable at the transcriptome level in response to F. graminearum infection.
Materials and methods

Plant material and greenhouse experiment
Four spring wheat genotypes with contrasting phenotypes for FHB resistance were used in this study: the highly FHBresistant line CM82036 (pedigree: Sumai3/Thornbird), the highly susceptible cultivar Remus (pedigree: Sappo/Mex// Famos) and two doubled haploid (DH) lines, DH1 and DH2, from a CM82036/Remus mapping population. CM82036 and the resistant DH1 carry alleles for FHB resistance at two QTL, Fhb1 (syn. Qfhs.ndsu-3BS) and Qfhs.ifa-5A (Anderson et al. 2001; Buerstmayr et al. 2002 Buerstmayr et al. , 2003 , while Remus and the susceptible DH2 carry alleles for FHB susceptibility at those loci. Elsewhere in the genome, DH1 and DH2 are very similar, carrying the same alleles at 305 of 430 mapped DNA markers. Phenotypic data for FHB resistance of DH1 and DH2 are based on Wve Weld experiments with artiWcial single spikelet and spray inoculations (Buerstmayr et al. 2002 (Buerstmayr et al. , 2003 .
In September 2005, seeds of the four lines were germinated on a mixture of compost and sand in trays and vernalized at 4°C, 12 h day/night light regime, for 3 weeks. Seedlings were transplanted into pots (17 cm diameter, 20 cm height) containing a mixture of peat, compost and sand and placed in the greenhouse. Two replications were planted approximately 5 days apart with 30 plants (=pots) per line per replication. The experimental design was a randomised complete block design, with two blocks (replications); genotypes (pots) within blocks were randomised. Temperature in the greenhouse was on average 18/12°C (day/night) from tillering to heading with 12-14 h of light at 15,000 l£ at canopy height with two types of lamps, MF400BUH (38,000 lm/m 2 ) and NH360FLX (47,800 lm/m 2 ) (both from Iwasaki Co. Ltd., Tokyo, Japan). Mineral fertilization was applied 4 weeks after transplanting with Nitrophoska perfect (15-5-20) (Compo, Muenster, Germany) .
During Xowering time the conditions in the greenhouse were controlled and set at 21.5°C, 55% relative humidity during daytime and 17°C, 55% humidity during night with a 16-h photoperiod at 15,000 l£.
Inoculum production, inoculation and tissue sampling
Macroconidia of the single-spore F. graminearum isolate 'IFA 65' were produced in liquid mungbean medium as described by Buerstmayr et al. (2000 Buerstmayr et al. ( , 2002 . The mungbean medium was removed from the conidial suspension by multiple centrifugation steps in double-distilled water. For the inoculations 100£ stocks of the inoculum were aliquoted and stored at ¡80°C until use.
At anthesis the lines were challenged by inoculating with F. graminearum or water. Either 10 l of the F. graminearum suspension (50 conidia per l) or water was pipetted between the palea and lemma of the two basal Xorets of four central spikelets per spike. Treated spikelets were marked with yarn (Fig. 1a, b) . After inoculation, the F. graminearum-and mock-inoculated heads were sprayed with water and covered with plastic bags for 24 h to provide high humidity. Several F. graminearum-and mockinoculated heads of each genotype were kept from every inoculation day to check disease symptoms, giving a total of 125 control heads.
Other inoculated heads from each inoculation day were harvested at six sampling times: immediately after inoculation (0 h) and at 6, 12, 24, 48 and 72 hai. Treated spikelets from those heads were separated into the lemma, palea and the subtending section of rachis and the reproductive tissues (Fig. 1c) ; the resulting samples were immediately shock frozen in liquid nitrogen and stored at ¡80°C. In total, we dissected about 800 wheat heads. Fig. 1 Illustration of a the spikelets 1-4, b the two Xorets 1-2 per spikelet which were inoculated and sampled, and c the sampled Xoral tissues, separated in the reproductive part (ovary, stigma, anthers) and the lemma, palea and the subtending section of the rachis RNA preparation and cDNA-AFLP analysis The lemma, palea and the subtending section of the rachis from at least six heads from each combination of genotype, inoculation treatment and sampling time were pooled and ground into Wne powder in liquid nitrogen using mortar and pestle, resulting in 48 samples (4 genotypes £ 2 inoculation treatments £ 6 sampling times) from each of the two replications. Total RNA was extracted from 200 mg ground tissue using the Guanidinisothiocyanat/Phenol method (peqGOLD RNAPure, peqLab, Erlangen, Germany) according to the manufacturer's instruction. RNA was treated with DnaseI (Invitrogen, Carlsbad, CA, USA), RNA cleanup and concentration was conducted with Rneasy MinElute Spin Columns (Qiagen, Hilden, Germany) and RNA quality and quantity were determined on agarose gels and by spectrophotometry.
cDNA was synthesized with the First Strand cDNA Synthesis Kit (Fermentas, St Leon-Rot, Germany) from 5 g total RNA with M-MuLV Reverse Transcriptase and Oligo(dT)18 primer, and followed directly by second strand replacement synthesis using E. coli DNA polymeraseI and E. coli ribonuclease H (Fermentas, St Leon-Rot, Germany). Ds cDNA was isopropanol precipitated, resuspended, and checked for cDNA quality by constitutive ubiquitin expression.
cDNA-AFLP analysis was performed according to Vos et al. (1995) , Bachem et al. (1998) and Herz et al. (2003) with some modiWcations: 250 ng of cDNA was simultaneously digested with PstI and MseI and adapters were ligated to the restricted fragments. Ligated cDNA fragments were preampliWed with non-selective primers and selective ampliWcation was carried out with primers with two selective nucleotides.
The sequences of the adaptors and preselective primers used for AFLP reactions are as follows (sequences from 5Ј-3Ј): adaptor MseI-1 GACGATGAGTCCTGAG, adaptor MseI-2: TACTCAGGACTCAT, adaptor PstI-1: CTCGTA GACTGCGTACATGCA adaptor PstI-2: TGTACGCAGT CTAC; preselective primer PstI GACTGCGTACATGC AG, preselective primer MseI GATGAGTCCTGAGTAA;
The selective primer PstI was directly labelled with a Xuorochrome (IRD700 or IRD800). The separation of the PCR fragments was done on a LI-COR 4200 DNA dualdye sequencing system as described by Buerstmayr et al. (2002) . The gel images were analysed visually using standard imaging software.
Excision, cloning, sequencing and annotation of TDFs
To excise speciWc TDFs, selective ampliWcation products labelled with a Xuorochrome (Fluorescein or Cy5) were separated on 5% polyacrylamide gels and scanned on a Typhoon TRIO imager (GE Healthcare, Freiburg, Germany). SpeciWc TDFs were cut out from gels with a scalpel, eluted and reampliWed with preselective primers. The PCR products were puriWed with the Wizard SV Gel and PCR CleanUp Kit (Promega, Mannheim, Germany), checked on 2% agarose gels to conWrm the presence of the expected inserts, and cloned into pST-Blue1 Vector (Novagen, VWR International, Vienna, Austria). Transformed Escherichia coli colonies were ampliWed, treated by Exol/SAP (Fermentas, St Leon-Rot, Germany) and checked again for the presence of the expected inserts on agarose gels.
The nucleotide sequences of the TDFs were determined on a MegaBACE 500 (GE Healthcare, Freiburg, Germany) using the DYEnamic ET Dye Terminator Kit (GE Healthcare, Freiburg, Germany). To verify sequences of the bands, we excised each TDF at least twice and sequenced at least eight clones per TDF. Only TDFs with at least four identical sequences were used for further analysis.
To assign putative functions, homology searches were conducted using BLASTN and BLASTX program (Altschul et al. 1997 ) against the GENBANK non-redundant and EST database (NCBI, Bethesda, MD, USA). The highest similarity score was considered as the best match for the putative identity of corresponding ESTs. To determine whether any of the identiWed TDFs originated from the fungal genome, sequences were also BLAST queried against the F. graminearum Genome DataBase (http://mips.gsf.de/ genre/proj/fusarium). The cut-oV value of 10 ¡5 was used as a threshold for the expectation scores (E value), and only homologies with an E value of less than the threshold were regarded as a signiWcant match.
The sequence data reported are available in the NCBI database under GenBank accessions numbers EX982036 to EX982049.
Results
FHB infection
Control heads conWrmed the eVectiveness of the inoculation procedure. Disease symptoms were observed on all of the Fusarium-inoculated control heads of Remus, DH1 and DH2 and on 80% of the Fusarium-inoculated control heads of CM82036. No disease symptoms were observed on mock-inoculated heads.
cDNA-AFLP Wngerprints
Transcript-derived fragments (TDFs) analysed by cDNA-AFLP ranged in size from 50 to 800 bp. Ninety-six AFLP primer combinations were applied, resulting in 30-80 TDFs per primer combination, and a total of about 5,000 gene tags evaluated. Figure 2 shows a typical cDNA-AFLP proWle from the time-course of the four wheat genotypes challenged by Fusarium or water. The majority of the bands exhibited no diVerences in intensity among the diVerent wheat lines, treatments or time points. The banding patterns of diVerentially expressed TDFs were classiWed as follows: (A) genotype-speciWc, (B) pathogen-responsive and (C) pathogen-induced and genotype-speciWc.
The time-course allowed for discrimination between early (6 h after inoculation hai), intermediate (12-24 hai) and late (48-72 hai) induction or repression.
All genotype-speciWc expression patterns were reproducible between the two biological replications. For the pathogen-responsive TDFs 17% of the diVerentially expressed TDFs were speciWc to one or the other replication. We detected 191 pathogen-responsive TDFs for replication 1 compared to 172 for replication 2; 164 TDFs were in common. Only bands reproducibly altered by treatment and/or genotype in the two replications were studied further and will be presented here. The timing of induction or repression was highly (93%) reproducible between the two replications for the grouping in early, intermediate and late responses. Table 1 summarizes the number and percentage of TDFs with altered expression patterns.
(A) Genotype-speciWc TDFs: 272 TDFs, corresponding to 5.4% of all generated fragments, showed genotypespeciWc patterns (e.g. the bands labelled a in Fig. 2 ). In total 267 of these TDFs were constitutively expressed at all 6 time points; Wve TDFs were speciWcally expressed at certain time point and all genotype-speciWc TDFs were not aVected by the fungal infection. Almost 50% (130/272) of these TDFs were exclusively . None of the transcripts evaluated were found to be down-regulated after Fusarium inoculation compared to mock inoculation. (C) Pathogen-induced and genotype-speciWc TDFs: Fourteen TDFs (0.28% of the total analysed fragments) displayed diVerential expression after fungal attack that depended on the genotype. These TDFs were considered as the most interesting ones, as these fragments represent genotype-speciWc genes involved in the response to the pathogen. Figure 3 shows the banding patterns of these 14 TDFs for one biological replication. The banding patterns for the second replication are given in the Supplementary Figure 4 .
On the basis of their banding patterns, these TDFs were classiWed into four subgroups:
(C1) TDFs present after fungal attack for either CM82036 and DH1 (TDF108, TDF83, TDF73, TDF146) or for Remus and DH2 (TDF208); The Fusarium-induced banding pattern of this subgroup corresponds with the Table 2 . Sequence analysis of the most interesting subgroup (C1) of gene tags revealed homologies to a UDP-glucosyltransferase, wheat phenylalanine ammonia-lyase, DnaJ-like protein, pathogenesis-related family protein and a rice cDNA clone with unknown function.
TDFs of subgroup C2 showed similarities to sucrosephosphatase 1 (TDF214), an unknown protein (TDF75) and for TDF140 no signiWcant hit was detected.
Sequence analysis of subgroup C3 revealed for both TDF59 and TDF225 close homology to a delta-1-pyrroline-5-carboxylate dehydrogenase. The sequence alignment of The two TDFs of subgroup C4, which had earlier induction or higher expression in CM82036 after fungal attack displayed similarities to a wheat phenylalanine ammonialyase (TDF17) and cytochrome P450 (TDF79).
The BLAST search against the F. graminearum genome database found no signiWcant homology to fungal transcripts.
Discussion
EVective identiWcation of diVerentially expressed transcripts after Fusarium attack requires near-synchronous infection of the wheat heads to be analysed. Our experiment was conducted under controlled greenhouse conditions, with all wheat Xorets inoculated at the same developmental stage. Tissues from at least six heads per variant were pooled to reduce the level of biological variation among samples. Inoculation of individual Xorets by pipetting 500 conidia directly between the palea and lemma led to successful infection of all control heads of susceptible genotypes. Kang and Buchenauer (2000a, b) studied the early events of Fusarium colonization by microscopy. They observed that macroconidia of Fusarium spp. germinated within 6 h under high relative humidity and that hyphal networks were formed within 48 hai on the inner surfaces of lemma, palea and glume. Penetration of the host tissues occurred by infection hyphae on the inner surfaces of the Xoret. In our study, tissues were sampled at six-time points (0, 6, 12, 24, 48, 72 hai) after Fusarium and mock inoculation, covering the relevant time period of early fungal infection from conidia germination and penetration to spread of the fungus.
Precise proWling of molecular changes during the wheatFusarium interaction requires the examination of appropriate organs within spikelets. Golkari et al. (2007) showed in their study that diVerent Xoral organs had distinctive transcriptome patterns in response to spray inoculation with F. graminearum. They analysed six wheat spike tissues of one resistant genotype for diVerential response between fungalchallenged versus control plants. The anther and ovary each showed unique transcriptome expression patterns, while the lemma, palea and glume were grouped together with the rachis showing a close relationship. They identiWed the glume as the most responsive organ to the Fusarium infection, perhaps because glumes are directly exposed to the macroconidia with spray inoculation. We used single Xoret inoculation to direct inoculum at the initial infection site on the interior Xoret surfaces. We dissected only inoculated wheat Xorets and investigated the transcriptome of the wheat lemma, palea and the subtending section of the rachis.
In our study, gene expression of wheat after Fusarium attack was analysed through the cDNA-AFLP method. cDNA was digested with the two restriction enzymes PstI and MseI prior to the transcript proWling. Screening the 66,000 rice cDNAs (TIGR database) for PstI and MseI restriction sites, we found that 42% of the rice cDNAs could potentially be visualized with this restriction enzyme combination by the cDNA-AFLP method. Assuming a similar percentage of coverage in wheat, we estimate that we analysed a representative sample of approximately 16% of the wheat genes expressed in the tissues by applying 96 of 256 possible primer combinations.
The cDNA-AFLP method has the advantage that all treatments, time points and genotypes under investigation can be concurrently compared. The majority of the analysed transcript tags exhibited monomorphic banding patterns and were unaVected by the presence of the fungus or the genotype. This is presumed to reXect the fact that equivalent amounts of cDNA-AFLP products were compared. Altered expression patterns depending on the genotype, treatment and/or the time points were detected. More TDFs discriminated between the parental lines (5.4% of the fragments analysed) than between the DH lines (1.7%). This reXects the expected genetic similarity between DH1 and DH2. The two resistant genotypes, CM82036 and DH1 shared 65 (1.3%) genotype-speciWc constitutively expressed TDFs. Although genes showing a constitutive expression pattern may also play a role in FHB resistance pathways, we focused on TDFs that revealed a clear genotype-speciWc induction or repression upon Fusarium infection.
From the 5,000-screened cDNA fragments, 164 (3.4%) were pathogen-responsive. We deWned three stages in the wheat-Fusarium interaction: an early stage, at 6 hai, at which there were few diVerences in banding patterns between Fusarium-and mock-challenged wheat spikes (4% of the pathogen-responsive transcripts); an intermediate stage, at 12-24 hai, during which there was more diVerential gene expression between fungal and water treatment (13%); and a late stage, at 48-72 hai, during which the majority (63%) of the pathogen-induced transcripts were detected, suggesting that this is the most responsive time period of the wheat-F. graminearum interaction. This is in agreement with Boddu et al. (2006) , who used the Barley1 GeneChip to compare gene expression of the susceptible barley cultivar Morex after Fusarium and water inoculation and identiWed most of the diVerentially expressed host transcripts at 72 hai.
Notably, we identiWed no Fusarium-repressed TDFs. Under-representation of down-regulated TDFs in the wheat-Fusarium interaction has also been reported by Boddu et al. (2006) and Golkari et al. (2007) . Eckey et al. (2004) suggested that the two-step PCR of the cDNA-AFLP method could cause the low number of repressed transcripts. However, it is possible that Fusarium suppresses few genes in the tissues analysed or that downregulation does not occur until later in the interaction. For 20% of the pathogen-responsive TDFs down-regulation occurred after mock inoculation. This indicates that some genes that are normally repressed during the time range studied here were induced by the pathogen in the inoculated Xorets.
The cDNA-AFLP method was successfully applied to identify TDFs that represent genes and alleles that are diVerentially expressed after Fusarium inoculation depending on the genotype. In previous gene expression studies either single genotypes (Kruger et al. 2002; Golkari et al. 2007; Hill-Ambroz et al. 2006) or non-related resistant and susceptible cultivars were used (Pritsch et al. 2000; Kong et al. 2005; Bernardo et al. 2007) . In this work we included a pair of sister DH lines with contrasting levels of FHB resistance due to the possession of Fhb1 and Qfhs.ifa-5A to study gene expression associated with speciWc target regions in the genome. Among 5,000 TDFs investigated, only 14 (0.28%) were pathogen-induced and CM82036-or Remus-speciWc. Just Wve (0.1%) TDFs were also diVerentially expressed between the sister DH lines and were associated with the presence or absence of resistance alleles at QTL Fhb1 and Qfhs.ifa-5A.
We identiWed TDF108 that revealed a clear Fusariuminduction in the early stage of the infection process in the two FHB-resistant genotypes, CM82036 and DH1, both possessing Fhb1 and Qfhs.ifa-5A. TDF108 showed homology to a UDP-glucosyltransferase. Glucosyltransferases, enzymes that transfer sugars to other molecules, perform critical functions in all living organisms. They store energy in the form of glycogen; synthesize the carbohydrate polymers that support bacterial, fungal, and plant cell membranes; and make the cell surface oligosaccharides that mediate cell-cell recognition events and act as receptors for hormones, bacterial toxins, viruses, and a wide variety of circulating proteins (Gagneux and Varki 1999; Monsigny et al. 1999; Reuter and Gabius 1999) . Lemmens et al. (2005) showed that the presence of the major resistance QTL Fhb1 enhances the ability of wheat to detoxify DON into DON-3-O-glucoside. They hypothesized that DON acts as elicitor and triggers the induction of glucosyltransferases, which antagonize DON. This theory is supported by Poppenberger et al. (2003) who cloned an Arabidopsis UDP-glucosyltransferase that is able to inactivate DON. Boddu et al. (2007) identiWed three UDP-glucosyltransferases that were speciWcally induced during trichothecene accumulation in barley inoculated with a trichotheceneproducing wild-type strain and a loss-of-function Tri5 trichothecene nonproducing F. graminearum mutant. Further analysis is underway to investigate whether TDF108 is DON induced or represents a general response to the fungal attack.
TDF83, which was strongly up-regulated 72 h after Fusarium inoculation in the resistant genotypes, and TDF17, which was induced earlier and stronger in CM82036, both code for a phenylalanine ammonia-lyase (PAL). PAL is a central enzyme of the phenylpropanoid pathway (Hahlbrock and Scheel 1989) . The phenylpropanoid biosynthetic pathway leads to the production of many secondary metabolites, including diverse phenolic compounds involved in phytoalexin production and lignin synthesis. Synthesis is activated as a response to stress, which includes pathogen infection and elicitor treatment (Li et al. 2001a; Hahlbrock and Scheel 1989) . Several studies identiWed Fusarium-induced host genes encoding phenylpropanoid pathway enzymes (Hill-Ambroz et al. 2006; Boddu et al. 2006; Golkari et al. 2007; Zhou et al. 2005; Kong et al. 2005) . Using electron microscopy and immunogold labelling, Kang and Buchenauer (2000b) observed higher lignin production at the sites of F. culmorum infection in resistant wheat genotypes than in susceptible genotypes. By metabolic proWling, Hamzehzarghani et al. (2005) detected higher abundance of glutamine in resistant Sumai3 than in the susceptible Roblin. Higher abundance of glutamine which helps the plant cell recycle liberated ammonia ions from phenylalanine can also be considered as another evidence for a more active PAL pathway. Our results support that the phenylpropanoid pathway is diVerentially induced during the wheat-Fusarium interaction in resistant genotypes compared to the susceptible ones, suggesting that phenylpropane derivatives play a role in the resistance reaction.
TDF146 was Fusarium-induced in the FHB-resistant genotypes and sequence comparison revealed homology to a rice DnaJ-like protein. DnaJ-like proteins are involved in a variety of processes including protein folding, protein partitioning into organelles, signal transduction, and targeted protein degradation (Caplan et al. 1993) . Boddu et al. (2006) reported the induction of a DnaJ-related chaperone protein in barley 72 h after Fusarium inoculation, but it is not clear what role DnaJ-like proteins play in the interaction of Fusarium with its cereal hosts. The gene tag TDF208 present in the susceptible genotypes after fungal attack displayed similarity to a barley pathogenesis-related family protein. It has been shown by several studies that pathogenesis-related genes are diVerentially activated after Fusarium infection depending on the resistance level of the wheat genotype (Pritsch et al. 2000; Li et al. 2001a, b; Bernardo et al. 2007 ). TDF79, a gene tag with quantitative diVerences in expression between the genotypes after Fusarium attack, displayed similarity to a cytochrome P450. Two broad classes of cytochrome P450 activities, biosynthetic pathways and detoxiWcation pathways, have been described in plants (Schuler 1996; Werck-Reichhart 1995) . Expression of cytochrome P450 during FHB infection was observed in several other studies (Kong et al. 2005; Hill-Ambroz et al. 2006; Bernardo et al. 2007 ). Kong et al. (2005) detected quantitative and timing diVerences of the expression of a cytochrome P450 between resistant and susceptible genotypes. As in our study, pathogen-induced accumulation of the cytochrome P450 quickly reached higher peaks in the resistant genotype than in the susceptible genotype.
The presence or absence of a TDF can be due to functional polymorphisms or to sequence polymorphisms resulting from the CM82036/Remus divergence. TDF59 and TDF225 are tags of CM82036 and Remus alleles of a delta-1-pyrroline-5-carboxylate dehydrogenase induced by F. graminearum. This demonstrates that cDNA-AFLP is an eVective tool to detect polymorphisms between the alleles of the genes induced by the fungal attack.
None of the diVerentially expressed gene tags that we sequenced showed homology to F. graminearum sequences, suggesting that the expression of fungal genes may be independent of the resistance level of the host.
In conclusion, we have found altered gene expression in response to Fusarium graminearum inoculation that diVers between wheat genotypes by investigating speciWcally the sites of the initial fungal infection over the most relevant time period of the wheat-Fusarium interaction in two biological replications. Fourteen genotype-speciWc and Fusarium-induced TDFs were identiWed and analysed more in detail. Five of these TDFs displayed diVerential expression between sister lines with contrasting levels of FHB resistance and are associated with the presence of Fhb1 and Qfhs-ifa-5A. Sequencing these gene tags revealed homologies to a UDP-glucosyltransferase, phenylalanine ammonia-lyase, Dna-J like protein, pathogenesis-related family protein and to one gene with unknown function.
The TDFs are now being characterized further by isolating the corresponding full-length cDNA clones. A functional analysis of these genes will allow more insights into to their possible role in the resistance reaction. We expect that characterization of them will lead to a better understanding of the molecular pathways leading to FHB resistance.
